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Spin transport electronics – spintronics – focuses
on utilizing electron spin as a state variable for
quantum and classical information processing and
storage [1]. Some insulating materials, such as di-
amond, offer defect centers whose associated spins
are well-isolated from their environment giving
them long coherence times [2–4]; however, spin
interactions are important for transport [5], en-
tanglement [6], and read-out [7]. Here, we report
direct measurement of pure spin transport – free
of any charge motion – within a nanoscale quasi
1D ‘spin wire’, and find a spin diffusion length
∼ 700 nm. We exploit the statistical fluctuations
of a small number of spins [8] (
√
N < 100 net spins)
which are in thermal equilibrium and have no im-
posed polarization gradient. The spin transport
proceeds by means of magnetic dipole interactions
that induce flip-flop transitions [9], a mechanism
that can enable highly efficient, even reversible
[10], pure spin currents. To further study the dy-
namics within the spin wire, we implement a mag-
netic resonance protocol that improves spatial res-
olution and provides nanoscale spectroscopic in-
formation which confirms the observed spin trans-
port. This spectroscopic tool opens a potential
route for spatially encoding spin information in
long-lived nuclear spin states. Our measurements
probe intrinsic spin dynamics at the nanometre
scale, providing detailed insight needed for prac-
tical devices which seek to control spin.
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Understanding and controlling spin transport is a cen-
tral challenge in spintronics and has been extensively stud-
ied in systems where the spin density is large and treated
as a continuum variable [11]. However, an understand-
ing at the few spin level is needed for miniaturization and
quantum applications. Appropriate and well-controlled
coupling between spins can allow for efficient spin trans-
port, while preserving long spin lifetimes. For example,
two-spin flip-flop transitions – the simultaneous flipping
of a pair of anti-aligned neighbouring spins due to their
dipolar interaction – conserve magnetization, and succes-
sive flip-flops can result in a pure, diffusive spin transport
[9, 12], as reported here. In contrast to non-equilibrium
experiments [13, 14] which measure thermal polarization
recovery, we monitor the spin noise [8, 15], which arises
from statistical fluctuations. This allows us to observe
the intrinsic thermal equilibrium spin dynamics of the en-
semble [16].
In macroscopic systems containing a large number of
particles, Fick’s law of diffusion describes the time evolu-
tion of particles moving from regions of high to low con-
centration, resulting in a smooth evolution toward equilib-
rium. By contrast, in few-spin ensembles fluctuations can
lead to transient polarizations much larger than the Boltz-
mann (thermal) polarization, and even flow “against” the
polarization gradient [17]. Our measurements focus not
on the polarization itself, but on the time auto-correlation
of the polarization in a nanoscale spin detection volume.
In our experiments, these correlations are lost as a con-
sequence of spin transport out of our measurement vol-
ume. We model this process using numerical simulations
that incorporate this inherent randomness of few-spin,
statistically-polarized ensembles, and our model corrob-
orates our measurements.
In order to study flip-flop-dominated spin dynamics, we
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Figure 1: MRFM spin wire setup, schematic of spin dynamics in wire, and spin noise measurements. a,
MRFM setup for measuring spin noise in the 200 nm × 250 nm × 4 µm spin wire of P1 centres in diamond. The coil
excites resonance along a contour of the magnetic particle’s field (plus an external field), called the ‘resonant slice’.
As the cantilever oscillates, the field due to the magnetic particle varies and the slice sweeps out the spin detection
volume. Spins toward the centre of the detection volume contribute to the spin signal more strongly (solid red) than
those near the edge. b-e, Schematic showing the detection volume as it is walked into the spin wire, the rectangular
stripe region. The thick double arrows represent flip-flop-mediated spin diffusion in and out of the detection volume.
f, The spin signal increases as a function of walk-in distance until the volume is fully inside the spin wire as in (e).
g, The correlation time of the measured spins. At first (as in b) spins are able to quickly diffuse out of the volume,
but as the measurement volume is walked in further (as in c), spins must diffuse a longer distance to exit the volume,
causing the correlation time to increase. Once the measurement volume is fully inside the stripe (d and e), spins can
diffuse out on both sides, decreasing the correlation time to roughly half the peak value.
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fabricated a nanoscale channel of implanted nitrogen (P1)
centres in diamond at a density of 6 ppm. At this den-
sity the strength of the dipolar coupling between spins is
strong, leading to a flip-flop time, Tff ∼ 10−4 s, several
orders of magnitude shorter than T1 ∼ 1 s. The density
outside the spin wire (0.3 ppm) is sufficiently small such
that flip-flop transitions out of the wire are very rare, thus
confining the spin transport to the wire.
We use magnetic resonance force microscopy (MRFM)
to probe the spins within the wire (Fig. 1a). The force
detector is an IBM-style ultra-soft cantilever [18] with a
SmCo5 magnetic particle glued onto the tip. To reso-
nantly detect spins, we implement the iOSCAR timing
protocol [8, 19]. A superconducting niobium coil is used
to drive the spin resonance at a frequency of ωrf = 2.18
GHz. This frequency defines a ‘resonant slice’ where the
total magnetic field (tip field plus external field) experi-
enced by sample spins is equal to ωrfγ = 778 G. By driving
the cantilever at its self-determined resonant frequency to
an amplitude of 150 nm, the resonant slice sweeps out a
volume of this width, hereafter termed the detection vol-
ume.
We scan the detection volume into the spin wire (Fig.
1b-e) and measure the force exerted on the cantilever by
the selected spins. From this measurement we can ex-
tract two quantities: spin signal (Fig. 1f, top), and the
force correlation time τm (Fig. 1f, bottom). The spin sig-
nal is obtained from the variance in the time record of
the force signal and is directly related to the number of
measured spins [19]. τm describes the characteristic time
for the net moment of the detected spins to decorrelate.
This can be viewed as the time needed to transport spin
out of the detection volume via a random-walk diffusion
processes, with each step taking an average timeTff . Once
the detection volume enters the spin wire, the signal grows
with the number of detected spins, eventually reaching a
plateau when completely within the wire. The correlation
time shows a complex behaviour as the detection volume
moves into the wire. These results can be understood
within the framework of flip-flop-mediated spin transport:
ensemble correlation is lost as spins diffuse into or out of
the detection volume. Just inside a displacement of 0 nm
(Fig. 1b), the spins inside the volume easily and rapidly
interact with nearby outside neighbours, resulting in a
relatively short correlation time. With increasing over-
lap of the detection volume and the spin wire, spins must
diffuse further to exit the detection volume and change
the overall magnetization of the ensemble, thus increasing
τm. The correlation time peaks when approximately 68%
of the detection volume has entered the spin wire (Fig.
1c). This is attributed to the force sensitivity profile of
the detection volume: spins in the middle of the volume
are most sensitively detected (solid red indicates highest
sensitivity in Fig. 1), while the edges are least sensitive
(see SI). As the detection volume approaches 100% over-
lap (Fig. 1d), spins are able to diffuse out either side of
the most sensitive region, reducing the correlation time
by roughly a factor of 2. Scanning deeper into the spin
wire results in no further change, since the measurement
geometry becomes translationally invariant (Fig. 1e).
A global measurement of the spin polarization, en-
compassing the entire spin wire, would not uncover this
magnetization-preserving spin transport process. In the
opposite limit of measuring a single spin, T1-type spin re-
laxation becomes indistinguishable from flip-flop induced
polarization changes. By systematically varying the size
of the overlap of the detection volume with the spin wire,
and hence the number of detected spins, our measure-
ment of τm reveals the observed signature of spin trans-
port. This is similar to measurements of spin lifetime by
electrically- or optically-detected Hanle signals [11,20,21],
where diffusion of spins away from the detection volume
(electrical contact or optical probe spot) can influence spin
dephasing.
Since the average polarization gradient vanishes at
thermal equilibrium, the conventional model of diffusion
driven by polarization gradient predicts that τm will be in-
dependent of detection volume position within our ther-
mal equilibrium wire. Such a model neglects the domi-
nant role spin fluctuations play in nanoscale ensembles.
In order to fit the measured data in Fig. 1f, we use a
Monte Carlo simulation which models the flip-flops be-
tween individual spins as a Markov process (see SI). From
this fit we can extract the flip-flop time, Tff = 0.21 ms,
and the corresponding diffusion constant of D = a
2
Tff
=
4.6 × 10−9 cm2s , where a = n−1/3 = 9.82 nm is the aver-
age nearest-neighbour separation of spins with a density
n = 1.06 × 1018 cm−3 (6 ppm). We find good agree-
ment comparing this to the theoretical flip-flop time [12]
Tff,th = 30T2 = 0.36 ms, where we have used T2 = 11.9
µs, which arises from dipolar interactions (at a density
of 6 ppm) and has been experimentally verified [22]. We
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Figure 2: Hyperfine spectrum measurement for spin wire. a, Energy level diagrams for three hyperfine-split
spin populations, which are simultaneously on resonance, yet spatially separated by the gradient. b, Schematic of the
three volumes which are walked into the spin wire. c, The spin signal increases in a step-like fashion as each volume
enters the wire. d, A nanovolume EPR spectrum can be obtained by deconvolving the spin signal with the known
force sensitivity (see SI) and the three hyperfine peaks are resolved.
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furthermore find a diffusion length L =
√
DT1 = 720 nm,
which is significantly larger than the lateral dimensions
of the wire (depth 250 nm, width 200 nm, and length 4
µm). This diffusion length is competitive with metallic
spin transport devices [23].
The above expression for Tff,th assumes zero magnetic
field gradient for the system, but in our experiment we
have a strong gradient (∼ 1.3 G/nm). In the presence
of a field gradient, neighbouring spins experience a field
difference ∆B, and thus different Zeeman energy split-
tings. This can suppress flip-flops because they no longer
conserve energy [24–26]. However, inhomogeneous line
broadening, if on the order of ∆B, can make up this en-
ergy difference and allow flip-flops to proceed. Since the
measured flip-flop time Tff agrees closely to the expected
zero-gradient value Tff,th, we expect a spectral linewidth
∆B & 6.5 G.
To measure the EPR spectrum of the spin wire, we im-
plemented a modified iOSCAR protocol which improves
spatial resolution and therefore provides the capability to
resolve spectral features (since spatial and spectral resolu-
tion are directly related in magnetic resonance imaging).
A conventional iOSCAR measurement utilizes the entire
detection volume swept out by the cantilever oscillation,
as this couples to the largest number of spins and cre-
ates the largest force signal. By truncating the detection
volume to the most-sensitive portion, we couple only to
spins in this smaller region while maintaining high force
sensitivity. Utilizing this technique (further details in SI),
which we call partially-interrupted OSCAR (piOSCAR),
we again scan the detection volume into the spin wire.
The improved resolution enables us to resolve a staircase
structure with three steps (Fig. 2c), corresponding to the
three peaks of the P1 center’s hyperfine spectrum as dis-
cussed below.
The P1 centre is a substitutional nitrogen defect with
an unpaired spin- 12 electron hyperfine coupled to the spin-
1 nitrogen nucleus. The hyperfine interaction results in a
triplet of peaks in the EPR spectrum (Fig. 2a) corre-
sponding to the three nuclear spin states, mI = −1, 0, 1.
The hyperfine splitting for our diamond crystal orienta-
tion relative to the external field is 33 G (see SI and
ref. [27]). In the magnetic field gradient of our probe mag-
net, this splitting results in three spatially distinct spin de-
tection volumes, with each volume defined by the contour
of magnetic field which satisfies the resonance condition
for a particular hyperfine transition (Fig. 2b). We ob-
serve a step-like increase in the spin signal as each volume
enters the wire and the cantilever becomes coupled to an
additional hyperfine transition (Fig. 2c). The spacing be-
tween steps (s = 25 nm) provides an accurate means of
measuring the probe field gradient, because the spacing is
set by the ratio of the known hyperfine splitting (33 G)
to the gradient, which we find to be 1.3 Gnm. This is con-
sistent with our estimations of gradient obtained using a
standard technique [28]. The staircase structure in figure
2c is a convolution of the implanted spin density (approx-
imately a step function), our force sensitivity profile, and
the EPR spectrum of spins in the sample; deconvolution
reveals the EPR spectrum shown in Fig. 2d (details in SI).
From the spectrum we find an average linewidth of 7.6 G,
which agrees with the expected linewidth from above, and
corroborates the transport we measure in the spin wire.
In conclusion, we have measured flip-flop-mediated spin
transport in an insulating diamond spin wire in the com-
plete absence of charge transport. This transport arises
from the intrinsic spin dynamics of dipole-coupled P1 cen-
tres at thermal equilibrium, which we observe by measur-
ing spin noise without imposing a polarization gradient.
By spatially resolving the three electron spin populations
(corresponding to the three spin states of the hyperfine-
coupled nitrogen nucleus) we obtained the EPR spectrum
of less than 100 net spins in the spin wire. The resulting
linewidth confirms that flip-flop mediated spin diffusion
is responsible for the observed spin transport. The spec-
trum also enables accurate measurement of the applied
magnetic field gradient. These measurements provide in-
sight into the mechanisms of spin transport relevant for
the development of nanoscale spin device elements.
Methods The ultra-soft silicon cantilever has a spring
constant of 100 µN/m, resonance frequency of about 3
kHz, and approximate dimensions of 90 microns in length,
1 micron width, and 100 nm thickness. Displacement of
the cantilever is measured through a 1550 nm laser inter-
ferometer. The MRFM measurements were taken at tem-
peratures of 4.2 K. The measured moment of the SmCo5
magnetic particle was 3.6× 10−12 J/T. The niobium res-
onator coil had about 2.5 turns and a 300 micron diam-
eter, and the resonance bowl had a diameter of about
3 microns. The diamond sample studied in this experi-
ment had a background nitrogen concentration of 0.3 ppm
(5.27× 1016 cm−3). To create the high spin-density wire,
5
the sample was first prepared using electron beam pat-
terning and then exposed to nitrogen ion implantation at
a variety of energies to create a uniform spin density. Fi-
nally the sample was annealed to yield an approximately
uniform, channel (6 ppm or 1.06×1018 cm−3) with width,
depth, and length of 200 nm, 250 nm, and 4 microns, re-
spectively. The sample was purchased commercially from
Element Six, grown via chemical vapor deposition, and
the nitrogen ion implantation was performed by Leonard
Kroko Inc.
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